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A b s t r a c t -T h i s r e p o r t d e s c r i b e s a v i b r a t i o n mea-
surement program which was performed on two t r a n s i t b u s e s t o q u a n t i f y t h e v i b r a t i o n e n v i r o n m e n t f o r A u t om a t i c V e h i c l e M o n i t o r i n g (AVM) equipment. Test r o u t e s included road conditions ranging from smooth city s t r e e t s , of t h e t y p e s e n c o u n t e r e d d u r i n g t h e g r e a t e s t majority of normal usage, to random bumpy s t r e e t s . However, t o e x t e n d t h e h i g h e r e n d o f t h e v i b r a t i o n d a t a , p a r t s o f t h e r u n s w e r e made a t speeds which were c o n s i d e r e d a b n o r m a l l y f a s t f o r t h e r o a d c o n d i t i o n b e i n g t r a v e r s e d .
V i b r a t i o n was m e a s u r e d b y r e c o r d i n g t h e c a l i b r a t e d o u t p u t s i g n a l f r o m a c c e l e r o m e t e r s on o s c i l l o g r a p h r o l l s d u r i n g s i g n i f i c a n t c o m b i n a t i o n s of road and bus operati n g c o n d i t i o n s . A c c e l e r o m e t e r s were l o c a t e d i n t h e t h r e e a r e a s on t h e b u s e s c o r r e s p o n d i n g t o t h e l o c a t i o n a t which AV?I equipment w i l l b e p o s i t i o n e d .
Normal o p e r a t i n g c o n d i t i o n s p r o d u c e d
m a x i m u m p e a k -t o -p e a k v i b r a t i o n l e v e l s of 2g o r l e s s . Higher v i b r a t i o n l e v e l s were r e c o r d e d d u r i n g t h e p r o g r a m , b u t t h e s e w e r e a s s o c i a t e d w i t h u n u s u a l l y s e v e r e b u s o p e r a ti n g c o n d i t i o n s o r w i t h s p e c i a l t e s t s . Both buses e x h i b i t e d a p p r o x i m a t e l y t h e same v i b r a t i o n l e v e l s f o r c o m p a r a b l e c o n d i t i o n s .
On b o t h b u s e s , v i b r a t i o n on t h e d a s h b o a r d e x h i b i t e d t h e h i g h e s t a m p l i t u d e . W i t h i n t h e l i m i t a t i o n s of the recording method used and the cont r o l o v e r t e s t c o n d i t i o n s , t h i s p r o g r a m h a s s u p p l i e d a d e f i n i t i o n of t h e v i b r a t i o n e n v i r o n m e n t t y p i c a l o f t r a n s i t b u s e s u s e d i n c i t y r o u t e s e r v i c e .
I n t r o d u c t i o n
The o b j e c t i v e of t h i s v i b r a t i o n m e a s u r e m e n t p r ogram was t o q u a n t i f y t h e v i b r a t i o n e n v i r o n m e n t w h i c h would be experienced by AV?l equipment when i n s t a l l e d on b u s e s d u r i n g t y p i c a l c i t y r o u t e s e r v i c e o p e r a t i o n . It was b e l i e v e d t h a t t h i s o b j e c t i v e c o u l d b e met w i t h a d e q u a t e d e t a i l and accuracy by r e c o r d i n g t h e timeh i s t o r y of a c c e l e r o m e t e r o u t p u t d u r i n g s i g n i f i c a n t b u s o p e r a t i n g c o n d i t i o n s on d i r e c t -r e a d i n g o s c i l l o g r a p h r e c o r d s . T h i s r e l a t i v e l y a u s t e r e a p p r o a c h i n v o l v e d t h e use of equipment noted for i t s p o r t a b i l i t y , ease of set up and o p e r a t i o n a n d a c c u r a c y . The primary d i s a d v a n t a g e of t h i s a p p r o a c h i s , of c o u r s e , t h a t d a t a r e d u c t i o n i s l i m i t e d t o v i s u a l e x a m i n a t i o n a n d h a n d tabulation of measured amplitudes.
Test P r o c e d u r e Two b u s e s w e r e u t i l i z e d i n t h i s m e a s u r e m e n t p r ogram. Both of t h e s e b u s e s a r e t y p i c a l l y u s e d i n r o u t e s e r v i c e i n l a r g e c i t i e s . i n c o r p o r a t e s m e c h a n i c a l s p r i n g s . T h i s , as w e l l as o t h e r m i n o r d i f f e r e n c e s i n b o d y s t r u c t u r e , a p p a r e n t l y had l i t t l e e f f e c t on t h e a m p l i t u d e o f t h e d a t a .
The Automatic Vehicle Xonitoring System for which t h i s measurement program was u n d e r t a k e n i n c l u d e s onboard components proposed t o b e i n s t a l l e d a t t h r e e s e p ar a t e l o c a t i o n s on t h e b u s e s . 
The t h i r d t e s t a r e a i n v o l v e d
i s a l o w -p r o f i l e , covered antenna to be mounted on the bus roof approxim a t e l y 6 f e e t f r o m t h e f r o n t of t h e b u s . The b a s e o f t h i s a n t e n n a i s 18" long by 2" wide. The h e i g h t of t h e u n i t i s 3" and i t s weight 3 pounds. The measurements were made a t t h i s l o c a t i o n w i t h o u t a n e n t e a n a p r e s e n t .
To a s s u r e as much s i m i l a r i t y as p o s s i b l e b e t w e e n d a t a t a k e n a t d i f f e r e n t l o c a t i o n s and d i f f e r e n t b u s e s , a l l d a t a c o l l e c t i o n was d o n e w h i l e t r a v e r s i n g f i x e d r o u t e s a l o n g t h e streets of Fort Worth. Three routes w e r e s e l e c t e d t o p r o v i d e a r a n g e of r o a d c o n d i t i o n s t h a t would i n c l u d e a b n o r m a l l y s e v e r e c o n d i t i o n s
as well a s t h e c o n d i t i o n s t h a t would t y p i c a l l y b e e n c o u n t e r e d by a n o p e r a t i n g t r a n s i t b u s . 
f o r t h e s e c o n d i t i o n s o f r o a d c o n d i t i o n a n d b u s o p e r a t i o n was maintained througho u t t h e t e s t s , d a t a r e d u c t i o n , a n d r e p o r t i n g . Some c o n d i t i o n s w i l l not be found i n t h e f i n a l f o r m of t h e r e d u c e d d a t a b e c a u s e , i n t h e c o u r s e of performing the t e s t o r r e d u c i n g t h e d a t a , t h e s e c o n d i t i o n s w e r e j u d g e d t o b e i n s i g n i f i c a n t . I n t h e s e c a s e s , t h e d a t a w e r e e i t h e r n o t i d e n t i f i e d o r w e r e i n c l u d e d i n a n o t h e r ,
more g e n e r a l , c a t e g o r y .
The d a t a c o l l e c t i o n s y s t e m u t i l i z e d i n t h e s e tests c o n s i s t e d o f : a p o r t a b l e 1 2 VDC-115 VAC i n v e r t e r , a 5 -t r a c k d i r e c t -w r i t i n g o s c i l l o g r a p h r e c o r d e r , a c c e l e r om e t e r s , a n d a s s o c i a t e d s i g n a l c o n d i t i o n i n g a m p l i f i e r s . Each accelerometer was f a s t e n e d t o i t s t e s t l o c a t i o n w i t h e i t h e r d o u b l e -b a c k e d t a p e o r d e n t a l c e m e n t . V i b r at i o n d a t a w e r e c o l l e c t e d d u r i n g m u l t i p l e r u n s by t h e t w u b u s e s o n t h e t h r e e p r e s c r i b e d r o u t e s .
The s i g n a l s f r o m f o u r ( o r f i v e ) a c c e l e r o m e t e r s w e r e r e c o r d e d s i m u lt a n e o u s l y d u r i n g e a c h t e s t r u n . T h e a c c e l e r o m e t e r l o c at i o n s and o r i e n t a t i o n s w e r e s e l e c t e d f r o m t h e l i s t given i n T a b l e 3. R o u t e p o i n t i d e n t i f i c a t i o n was w r i t t e n b y hand on t h e p a p e r r e c o r d d u r i n g t h e t e s t . 
R e d u c t i o n o f t h e v i b r a t i o n d a t a t o c o n c i s e u s a b l e form was accomplished through visual examination and h a n d t a b u l a t i o n of amplitudes and frequencies observed f o r g i v e n t e s t c o n d i t i o n s . The d a t a r e c o r d s w e r e f i r s t marked i n a r e a s of s i g n i f i c a n t t e s t c o n d i t i o n s b y t h e t w o -p a r t t e s t -c o n d i t i o n c o d e i d e n t i f y i n g t h a t c o n d i t i o n . The code c o n s i s t s o f t h e number c o r r e s p o n d i n g t o t h e b u s o p e r a t i n g c o n d i t i o n f o l l o w e d , a f t e r a hyphen, by t h e number c o r r e s p o n d i n g t o t h e r o a d c o n d i t i o n . A u t om a t i c r e c o r d i n g o f b u s o p e r a t i n g s p e e d c o r r e l a t e d w i t h t h e v i b r a t i o n r e c o r d s
would c e r t a i n l y h a v e e n h a n c e d t h e v a l u e o f t h e s e d a t a .
The maximum a m p l i t u d e a s s o c i a t e d w i t h e a c h a c c e le r o m e t e r f o r e a c h s i g n i f i c a n t t e s t c o n d i t i o n e n c o u n t e r e d i n e a c h t e s t r u n was t a b u l a t e d . T h i s i s f e l t t o b e a
lists were subsequently compared and combined i n v a r i o u s ways t o i l l u s t r a t e c o n s t a n t s o r c o n t r a s t s .
I n a d d i t i o n t o t h e a m p l i t u d e -v e r s u s -t e s t c o n d i t i o n d a t a
, some v i b r a t i o n f r e q u e n c y c o u n t i n g was accomplished. Timing marks on the paper records correspond to ones e c o n d i n t e r v a l s of e l a p s e d t i m e . When t h e p a p e r s p e e d was s u f f i c i e n t l y f a s t t o s e p a r a t e t h e v i b r a t i o n t r a c e s i n t o i n d i v i d u a l p e a k s , t h e number of p e a k s i n a n i n t e rv a l d i v i d e d by t h e e l a p s e d time of t h e i n t e r v a l g i v e s t h e f r e q u e n c y of t h e v i b r a t i o n s i g n a l .
The accuracy of t h i s p r o c e d u r e i s somewhat c o n t r o l l e d by t h e c l e a r n e s s of t h e v i b r a t i o n s i g n a l w h i c h i s r e a l l y a composite of a l l t h e f r e q u e n c i e s p r e s e n t i n b e v i b r a t i o n ( w i t h i n t h e frequency range of the recorder) super-imposed on each o t h e r . However, t h e v i b r a t i n g s t r u c t u r e u s u a l l y h a s d i s t i n c t r e s o n a n c e s w h i c h d o m i n a t e t h e s i g n a l .
R e s u l t s
The v i b r a t i o n t i m e h i s t o r y r e c o r d s a r e c h a r a c t e r i z e d by a m p l i t u d e s t h a t v a r y w i t h t h e o p e r a t i n g and road c o n d i t i o n s . A s t h e b u s tires r o l l a l o n g t h e r o a d w a y , s u r f a c e i r r e g u l a r i t i e s a r e e n c o u n t e r e d w h i c h i m p a r t v i b r a t o r y a c c e l e r a t i o n f o r c e s i n t o t h e b u s s t r u c t u r e . The s t r u c t u r e v i b r a t e s a t i t s r e s o n a n t f r e q u e n c i e s u n t i l t h e damping i n h e r e n t i n t h e s t r u c t u r e d i s s i p a t e s t h e e n e r g y . o r u n t i l more energy i s added t o t h e s y s t e m f r o m f u r t h e r s u r f a c e i r r e g u l a r i t i e s .
The amplitude o f t h e v i b r a t i o n i s a f u n c t i o n of t h e e n e r g y i n p u t w h i c h i s c o n t r o l l e d by t h e s p e e d of t h e b u s and t h e r o u g h n e s s s c a l e o r h e i g h t o f t h e s u r f a c e i r r e g u l a r i t i e s .
A s i n g l e a b r u p t s t e p i n t h e s u r f a c e c a u s e s a few c y c l e s of h i g h a m p l i t u d e r e s p o n s e w h i c h d i e away q u i c k l y . A s e r i e s of i r r e g u l a r i t i e s t r a v e r s e d r a p i d l y c a u s e s a r e l a t i v e l y c o n s t a n t a m p l i t u d e of v i b r a t i n g m o t i o n a s new energy i s c o n t i n u o u s l y f e d i n t o t h e s y s t e m . G e n e r a l l y s p e a k i n g , t h e v i b r a t i o n a m p l i t u d e w i l l v a r y i n p r o p o r t i o n t o t h e r o u g h n e s s s c a l e of t h e r o a d and the speed of the bus. This i s n o t i n v a r i a b l y t r u e , s i n c e a m e c h a n i c a l s t r u c t u r e a l w a y s a c t s e s s e n t i a l l y a s a t u n e d f i l t e r , t h e r e b y e x h i b i t i n g t h e g r e a t e s t r e s p o n s e t o e x c i t a t i o n f r e q u e n c i e s w h i c h a r e a t o r n e a r i t s n a t u r a l r e s o n a n t f r e q u e n c i e s .
Short segments of t h e v i b r a t i o n t i m e h i s t o r y r e c o r d s a r e p r e s e n t e d i n F i g u r e s 1 through 4 t o i l l u s t r a t e t h e v a r i a t i o n of t h e v i b r a t i o n c h a r a c t e r i s t i c s w i t h t e s t c o n d i t i o n s .
B a s i c a l l y , t h r e e r e s p o n s e f r e q u e n c y r a n g e s a r e o b s e r v a b l e i n t h e d a t a from both buses, though some d i f f e r e n c e s e x i s t b e t w e e n t h e two. The lowest frequency i s n o t i c e d when t h e b u s r o l l s o v e r a s e r i e s of c l o s e l y spaced bumps and i s b e l i e v e d t o b e t h e n a t u r a l f r e q u e n c y of the suspension-system. The second and t h i r d f r eq u e n c i e s a r e o b s e r v e d g e n e r a l l y t h r o u g h o u t t h e d a t a r i s i n g and f a l l i n g i n a m p l i t u d e i n p r o p o r t i o n t o t h e b u s s p e e d a n d / o r t h e r o u g h n e s s o f t h e r o a d . T h e s e f r eq u e n c i e s a r e b e l i e v e d t o b e t h e p r e d o m i n a n t n a t u r a l f r equency of t h e b u s body and t h e r e s p o n s e f r e q u e n c y o f t h e l o c a l component t o w h i c h t h e a c c e l e r o m e t e r i s a t t a c h e d . T h i s l a t t e r f r e q u e n c y c a n o n l y b e d e t e c t e d i n t h e r ecords produced when t h e p a p e r t r a v e l s a t a s p e e d o f f i v e i n c h e s p e r s e c o n d , a l t h o u g h i t i s p r e s e n t d u r i n g a l l o p e r a t i o n s . It i s a l s o n o t n e a r l y a s c o n s t a n t a s t h e l o w e r f r e q u e n c i e s . F i g u r e s 5 and 6 are examples of d a t a r e c o r d s w h i c h i l l u s t r a t e some of t h e i d e n t i f i a b l e f r e q u e n c i e s . T a b l e 4 l i s t s t h e f r e q u e n c y r a n g e s o b s e r v e d on t h e two b u s e s . 
